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GaTa4Se8 belongs to the lacunar spinel family. Its crystal structures is still a puzzle though
there have been intensive studies on its novel properties, such as the Mott insulator phase and
superconductivity under pressure. In this work, we investigate its phonon spectra through first-
principle calculations and proposed it most probably has crystal structure phase transition, which
is consistent with several experimental observations. For the prototype lacunar spinel with cubic
symmetry of space group F 4¯3m, its phonon spectra have three soft modes in the whole Brillouin
zone, indicating the strong dynamical instability of such crystal structure. In order to find the
dynamically stable crystal structure, further calculations indicate two new structures of GaTa4Se8,
corresponding to R3m and P 4¯21m, verifying that at the ambient pressure, there does exist struc-
ture phase transition of GaTa4Se8 from F 4¯3m to other structures when the temperature is lowered.
We also performed electronic structure calculation for R3m and P 4¯21m structure, showing that
P 4¯21m structure GaTa4Se8 is band insulator, and obtained Mott insulator state for R3m structure
by DMFT calculation under single-band Hubbard model picture when interaction parameter U is
larger than 0.40 eV vs. band width of 0.25 eV. It is reasonable to assume that while lowering the
temperature, F 4¯3m structure GaTa4Se8 becomes R3m structure GaTa4Se8 first, then P 4¯21m struc-
ture GaTa4Se8, because of the symmetry of P 4¯21m is lower than R3m after Jahn-Teller distortion.
The structure transition may explain the magnetic susceptibility anomalous at low temperature.
INTRODUCTION
GaTa4Se8 belongs to the lacunar spinel com-
pounds family with AM4X8 as their chemi-
cal formula unit, where A represents for Ga,
Ge, M for V, Mo, Nb, Ta, etc, and X for S,
Se. They usually take the typical GaMo4S8
type structure with cubic symmetry of space
group F 4¯3m, and have no long-range mag-
netic order at ambient pressure even when the
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temperature is down to 1.6 K [1]. Most of
them exhibit fantastic properties. For exam-
ple, GaNb4S8, GaNb4Se8, and GaTa4Se8 are
are all proposed to be Mott insulators at room
temperature and ambient pressure, which is as-
cribed to the electrons localized on M4 clusters
with reduced kinetic energy due to the long-
distance separation of them. They also have
the pressure-induced superconductivity at low
temperature [2]. GaTa4Se8 also have insula-
tor/metal coexistent state and hysteresis phe-
nomenon in resistivity vs. temperature at high
pressure [3]. GaTa4Se8 is also potential to be
used in memory device due to the non-volatile
metal-insulator transition (MIT) under applied
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2electric pulse [4, 5]. Recently, there is proposal
that GaTa4Se8 is an ideal platform to explore
the jeff molecular state for the Ta4 molecular
orbital [6, 7].
On the other hand, it is well-known that the
distortion of the transition-metal atom cluster
affects the electronic structure of these com-
pounds greatly [2]. However, the above discus-
sions about these novel physical properties did
not take the crystal structure phase transition
into account, which may happen in the above
cases to manifest temperature or pressure de-
pendence. First-principles calculation study on
AM4X8 like compounds shows that a band gap
at Fermi level [8] can be achieved if a lower sym-
metric structure of R3m and a suitable mag-
netic order are considered together. So it is
possible that the Mott insulator argument of
GaTa4Se8 might be altered when other ordered
states are introduced in. In fact, GaNb4S8 takes
a structural phase transition with an anoma-
lous magnetic susceptibility behavior [9] when
the temperature decreases. The very similar
anomalous magnetic susceptibility behavior has
also been observed in GaTa4Se8, which strongly
indicates there may be a similar phase transi-
tion in GaTa4Se8 [10, 11]. Recently, experimen-
tal measurements have shown that there is a
structural phase transition to tetragonal phase
at low temperature [11] and a change in Ra-
man spectra at high pressure [12]. which mo-
tivates us to study the structural phase transi-
tion in GaTa4Se8 from theoretical calculation.
In this article, we have performed first-principle
calculations to study the phase transition by
calculating the phonon spectra and electronic
structure of GaTa4Se8 with F 4¯3m, R3m, and
P 4¯21m crystal structures. Phonon spectra of
F 4¯3m phase have a bunch of vibration modes
with quite large imaginary frequencies, while
those of R3m and P 4¯21m do not have any
soft mode, which means these two phases of
GaTa4Se8 are mostly dynamically stable struc-
ture. The soft modes in F 4¯3m phase leads
to spontaneous crystal structural transition to
R3m phase, which makes the three-fold degen-
erate t2g orbitals at Fermi level split into a sin-
gle and a double degenerate orbitals. Thus, the
multi-band Hubbard model of 1/6 occupation
used in F 4¯3m phase changes to a single band
Hubbard model of half-occupation in R3m case.
Our dynamical mean-field theory (DMFT) re-
sult confirms that GaTa4Se8 of R3m structure
is to be a Mott insulator within given param-
agnetic state and the critical on-site Coulomb
interaction is of 0.40 eV. For the even lower sym-
metric crystal structure of P 4¯21m, our density
functional theory (DFT) calculation shows it is
an ordinary band insulator with tetramerization
of Ta4 clusters.
This paper is organized as the following:
In Section I, we show the phonon spectra,
electronic structure, and the DMFT result of
R3m space group. In Section II, we discuss
the possible relationship between the magnetic
anomaly and the phase transition, conclude
that the anomaly may come from the struc-
tural phase transition and the corresponding
electronic structure.
I. THE PHONON SPECTRA AND THE
ELECTRONIC STRUCTURE
We used Vienna ab-initio simulation pack-
age (VASP) package [13, 14] and the phonopy
package [15] within Density-Functional Pertur-
bation Theory (DFPT) [16] scheme to perform
the phonon spectra calculation. In phonon
spectra calculation, for both F 4¯3m and R3m
space group, we set the 3 × 3 × 3 Monkhorst
k points mesh and 420 eV plane wave en-
ergy cutoff. For P 4¯21m structure GaTa4Se8,
we use 2 × 2 × 2 Monkhorst k points and
420 eV plane wave energy cutoff. We set the
2× 2× 2 size supercell of the primitive unit-cell
in phonon spectra calculation for all structures.
In all calculation, the projector-augmented-
wave (PAW) method [17, 18], Perdew-Burke-
Ernzerhof (PBE) exchangecorrelation func-
tional [14] was used. For electronic structure
calculation, the plane wave energy cutoff is 420
eV, with 7× 7× 7 Monkhorst k points for self-
consistent field calculation. Because of the ab-
sence of long-range magnetic order, all DFT cal-
culations are performed with zero magnetiza-
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FIG. 1: 1a Crystal structure of F 4¯3m
structure GaTa4Se8. 1b Brillouin zone of R3m
structure GaTa4Se8. 1c The phonon spectra of
F 4¯3m structure GaTa4Se8.
tion.
A. F 4¯3m structure
The well-known F 4¯3m (space group No.
216) crystal structure (convention unit-cell) of
GaTa4Se8 is shown in Figure 1a, which has the
FCC Bravais lattice with a geometric frustra-
tion of antiferromagnetic order. There is just
one chemical formula unit in a primitive unit-
cell. The first Brillouin zone is shown in Fig-
ure 1b. The phonon spectra of F 4¯3m space
group clearly show quite large imaginary fre-
quencies in the whole Brillouin zone, indicat-
ing the dynamical instability of this structure
at low temperature and ambient pressure, see
Figure 1c. At Γ, there are three degenerate soft
modes, which is consistent with the cubic sym-
metry that the possible spontaneous symmetry
breaking is equivalent in three directions.
The electronic band structure shows there is
no gap at the Fermi level, as shown in Fig-
ure 2, which reveals that the F 4¯3m struc-
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FIG. 2: The electronic structure of F 4¯3m
structure GaTa4Se8 with a paramagnetism
phase. 2a Band structure and DOS without
SOC. 2b Band structure and DOS with SOC.
Here we initial the magnetization as zero to
get paramagnetism in calculation.
ture GaTa4Se8 is a metal in single-particle ap-
proximation. The Mott insulator state for
F 4¯3m structure GaTa4Se8 has been confirmed
by DMFT calculation [3]. As it is mentioned
before, there are several evidences showing that
GaTa4Se8 may have structural phase transition
while the temperature decreases, and the struc-
tural distortion may change the electronic states
dramatically. Therefore, it is necessary to inves-
tigate this possibility instead of taking it as a
Mott insulator directly at low temperature.
To find the dynamically stable structure at
low temperature, we take one of the three de-
generate soft modes at Γ with imaginary fre-
quency, and multiply it with a dimensionless
scaling number varying from -2 to 3 in 250 steps
to get various atomic displacements from the
original primitive cell of F 4¯3m structure. After
the electronic charge self-consistent calculations
for each crystal structure with above structural
distortions, we get an asymmetry double well
of the total energy, as shown in Figure 3. It is
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FIG. 3: The asymmetric “double” well of
F 4¯3m structure, because of the absence of
inversion symmetry. The scaling factor is a
dimensionless number
noted that the original cubic structure is non-
centrosymmetric and the distortions with above
positive scaling number are different from that
of opposite sign. The structure with scaling
number about 1.5 have the lowest total energy.
This distorted structure we obtained is a crys-
tal structure with R3m (No. 160) space group,
which is to be used as the most plausible crystal
structure after phase transition as temperature
drops down. We will investigate it in the next.
B. R3m structure
The crystal structure (convention unit-cell)
of R3m structure GaTa4Se8 is shown in Fig-
ure 4a, which is obtained through the full struc-
tural optimization of the distorted crystal struc-
ture at the lowest bottom of the potential well
in Figure 3. There is just one chemical for-
mula unit in a primitive unit-cell and the vol-
ume of the primitive cell is a little bigger than
that of F 4¯3m structure. The calculated total
energy per chemical formula is slightly lower
than that of F 4¯3m GaTa4Se8 by 0.01 eV. In
this structure, the Ta4 cluster is slightly dis-
torted with elongation along the C3v axis. The
phonon spectrum clearly shows that there are
no imaginary frequencies for all phonon modes
(a) (b)
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FIG. 4: 4a Crystal structure of R3m
GaTa4Se8. 4b Brillouin zone of R3m structure
GaTa4Se8. 4c The phonon spectra of R3m
structure GaTa4Se8. Among the whole
Brillouin zone, there is no imaginary frequency,
which indicates the stability of R3m structure.
in the whole Brillouin zone, indicating that
R3m structure GaTa4Se8 is dynamically stable,
see Figure 4c.
The electronic band structure and density
of states (DOSs) of R3m structure GaTa4Se8
are shown in Figure 5. Both of them indicate
R3m structure GaTa4Se8 is metallic in first-
principles calculation within single-particle ap-
proximation, which is conflict with experimen-
tally observed insulating features. Because the
distortion of Ta4 cluster, the t2g representation
breaks into a two-dimensional representation
(E2) in higher energy and a one-dimensional
representation (A) in lower energy, which co-
incides with the Jahn-Teller effect as shown in
the band structure. It is noted that the single
band crossing the Fermi level is half-filled and
the band-width is only about 0.25 eV, which
is much narrower compared with that of 0.75
eV in F 4¯3m GaTa4Se8 [6]. In the Hubbard
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FIG. 5: The electronic structure of R3m
structure GaTa4Se8 with a paramagnetism
phase. 5a Band structure and DOS without
SOC. 5b Band structure and DOS with SOC.
Here we initial the magnetization as zero to
get paramagnetism in the calculation. The
band structure without soc shows a flat
half-filed single band, which separates from
other bands, and the half-filled condition
implies strong AFM interaction according to
the half-filled single-band Hubbard model.
model, a single band crossing the Fermi level
in half-filling implies an antiferromagnetic in-
teraction [19]. In experiments, GaTa4Se8 has
no long-range magnetic order even when tem-
perature is down to 1.6 K. For the FCC struc-
ture, there is an antiferromagnetic frustration
preventing the formation of antiferromagnetic
order even at very low temperatures, which
may result in spin liquid or spin glass state.
This frustration originates from the FCC grids
formed by Ta4 cluster. For R3m structure, the
antiferromagnetic interaction is between the in-
ter M4 cluster. Because of the C3v point sym-
metry, there is an equilateral triangle formed
from Ta4 clusters, so we think there still ex-
its geometric frustration, which can prevent the
formation of long-range antiferromagnetic or-
der. Also, the prevented long-range antiferro-
magnetic state may also come from the strong
SOC. In spite of the absence of long-range an-
tiferromagnetic order, we think the AFM inter-
action may be the reason for the dramatic drop
of magnetic susceptibility at 53 K in experi-
ment [10], because of the potential short-range
of antiferromagnetic order.
Since the metallic state conflicts with the ex-
periment, we need to check whether the R3m
structure GaTa4Se8 is Mott insulator or not.
For demonstration, we performed DMFT cal-
culation with the single-band (or single or-
bital) Hubbard model [21], by iQIST pack-
age [22], which use the Continues time Monte-
Carlo (CTQMC) [23] impurity solver to calcu-
late impurity imaginary time Green function.
The Ta4 cluster has seven d electrons (Ta
+3.25
ions [1]). Considering molecular orbital lifts
the degeneracy, combining the electronic band
structure and integrated DOS, we can single
out just one electron sitting on the single or-
bital, and assume a half filled single band condi-
tion. Because of the absence of long-range mag-
netic order, we impose the paramagnetic phase
in the DMFT calculation, and ignore the SOC
for simplicity. We use the DOS calculated from
DFT to initialize the local Green function. The
DMFT calculation was performed with iQIST
where the temperature is controlled by β pa-
rameter of 400 corresponding to about 29.01 K.
The local imaginary time Green function (Fig-
ure 6a), the quasiparticle weight (Figure 6b))
and the spectrum function (Figure 6c) were cal-
culated. The spectrum function is obtained
from analytic continuation by maximal entropy
method [24]. The half-filled single band implies
strong AFM interaction as we mentioned before.
From Z and spectrum function, we conclude
that the MIT occurs when we increase the on-
site Coulomb interaction U to about 0.3-0.4 eV,
which equals to 1.60W , where W (0.25 eV) is
the band width, as shown in Figure 6. On-site
interaction about 0.40 eV is still smaller than
the band gap between the n+1 band and the n-
1 band, where n is the index of the single band
crossing the Fermi level. At the qualitative
level, the single band scheme is sufficient. All
6TABLE I: The crystal and electronic structure information of different structures of GaTa4Se8.
The DFT results come from the calculation without SOC. The experiment structure was taken
from SpringerMaterials [20].
F 4¯3m (experiment) F 4¯3m (DFT) R3m (DFT) P 4¯21m (DFT )
a (A˚) 10.38 10.51 7.40 10.50
b (A˚) 10.38 10.51 7.40 10.50
c (A˚) 10.38 10.51 18.39 10.53
α (deg) 90 90 90 90
β (deg) 90 90 90 90
γ (deg) 90 90 120 90
Total Energy / (formula unit) (eV) -87.88 -87.89 -87.92
Volume / (formula unit) (A˚
3
) 279.60 289.90 290.42 290.48
Band Gap (eV) None None 0.02
Insulator Kind Mott Mott Mott Band Insulator
the results show that the single flat band comes
from the unpaired d electron extremely localized
on the Ta4 cluster (comparing to the distance
between Ta4 clusters), indicating the Mott in-
sulator state of R3m structure GaTa4Se8.
C. P 4¯21m structure
Considering the similarity of GaTa4Se8 and
GaNb4S8 in structure, chemical properties
and physical property (all have pressure-
induced superconductivity, magnetic suscepti-
bility anomaly), we propose that the P 4¯21m
(space group No. 113 ) structure of GaTa4Se8 is
also possible in experiment. So, firstly, we take
the P 4¯21m structure of GaNb4S8 from Ref. [9],
and substituted the corresponding atoms. The
fully relaxed crystal structure (convention unit-
cell) and phonon spectra are shown in Fig-
ure 7a. The symmetry of Ta4 clusters are fur-
ther down to Cs, but their orientation is differ-
ent, as shown in Figure 8. Ishikawa et al. pro-
posed another tetragonal phase of P 4¯m2 (No.
115) based on XRD measurement [11], but no
detailed crystal structure information, such as
atomic sites, was reported there. Therefore, we
did not include this phase in our calculations.
The propose of R3m and P 4¯21m structures of
GaTa4Se8 can be found in Ref. [25] and [26],
which supports the focus of this work.
There are four chemical formula units in a
primitive cell after cooperative Jahn-Teller dis-
tortion of the Ta4 clusters, which delivers the
tetramerization. The total energy per chemical
formula for P 4¯21m structure GaTa4Se8 is -87.92
eV, which is 0.03 eV smaller than R3m struc-
ture GaTa4Se8. The phonon spectra, which do
not have imaginary frequency among the whole
Brillouin zone as shown in Figure 7c, clearly in-
dicates the structure of P 4¯21m space group is
also dynamically stable for GaTa4Se8.
However the electronic structure changes
qualitatively for GaTa4Se8 of P 4¯21m structure.
The new primitive cell of P 4¯21m space group
has four chemical formula units, containing an
even number of valence electrons. This is differ-
ent from F 4¯3m and R3m structures, containing
an odd number of valence electrons. The band
structure and DOS without SOC show a gap
at the Fermi level. When we take SOC into ac-
count, small electron (hole) pockets will appear,
as shown in Figure 9b.
The enlarged primitive cell makes P 4¯21m
structure GaTa4Se8 behaves in a band insula-
tor way because of the tetramerization at low
temperature. Ref. [27] proposed that the band
insulator state of GaTa4Se8 can be ruled out
based on the experimental optical conductiv-
ity. This is true for F 4¯3m structure GaTa4Se8
at room temperature or high pressure, but the
low-temperature case is not considered. Here,
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FIG. 6: DMFT result of R3m structure
GaTa4Se8. 6a The impurity local image time
Green function (G(τ)). 6b The quasiparticle
weight Z. 6c The spectrum function (A(ω)) of
different Hubbard U .
we propose that P 4¯21m structure GaTa4Se8 is
not Mott insulator, but a band insulator. Some
crystal and electronic structure information of
all different structures of GaTa4Se8 are shown
in Table I.
(a) (b)
(c)
FIG. 7: 7a Crystal structure of P 4¯21m
structure GaTa4Se8. 7b Brillouin zone of
P 4¯21m structure GaTa4Se8. 7c The phonon
spectra of P 4¯21m structure GaTa4Se8.
FIG. 8: The Ta4 clusters of 113 space group
after tetramerization. Different colors
correspond to different Wyckoff positions of Ta
atoms (brown: 8f, pink: 4e, green: 4e). Each
Ta4 cluster has Cs symmetry, but their
“orientation” is obviously different, as shown
in this figure.
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FIG. 9: The electronic structure of P 4¯21m
structure GaTa4Se8 with a paramagnetism
state. 9a Band structure and DOS without
SOC. The band structure shows a gap at
Fermi level. 9b Band structure and DOS with
SOC. Here we initial the magnetization as zero
to get paramagnetism in calculation. The band
structure with SOC shows just a little pocket.
II. CONCLUSION AND DISCUSSION
We proposed two new stable structures (R3m
and P 4¯21m space groups) of GaTa4Se8 at am-
bient pressure and low temperature. The DFT
and DMFT calculations show the R3m struc-
ture GaTa4Se8 is a Mott insulator, while the
P 4¯21m structure GaTa4Se8 is a band insulator
after the tetramerization.
We propose that the structural phase transi-
tion may be related to the magnetic anomaly
of GaTa4Se8 at low temperature. It is reason-
able to assume that while lowering the temper-
ature, F 4¯3m structure GaTa4Se8 transforms to
R3m structure GaTa4Se8 first, then to P 4¯21m
structure GaTa4Se8, because of the symmetry
of P 4¯21m is lower than R3m after Jahn-Teller
distortion. At low temperature, the R3m struc-
ture which has a half-filled single-band elec-
tronic structure, which results in AFM inter-
action and the potential formation of short-
range AFM order may cause the sudden drop
of the magnetic susceptibility. The R3m struc-
ture may be not the final state, or even just a
meta-stable state. At even lower temperature,
the structure further dives into P 4¯21m, there
is a gap at the Fermi level, and the AFM in-
teraction may disappear (or far less than which
in R3m). So the magnetic susceptibility does
not have the antiferromagnetic behavior. How-
ever, it is noted that further study is needed to
confirm the above argument.
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